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Introduction
In the last decade much attention has been devoted to development of self-healing coatings based on controlled release of corrosion inhibitors. The use of containers capable of storing corrosion inhibitors has been studied as a suitable alternative to the direct addition of corrosion inhibitors. Encapsulation in particular can provide several advantages: limit spontaneous leaching of inhibitor from the coating into the environment, avoid detrimental interactions between coating matrix and inhibitor and release the corrosion inhibitor on demand (so called "smart" release). Several systems have been used as containers for corrosion inhibitors: polyurethane microcapsules, 1 silica-based nanoparticles and nanocapsules, 2-5 halloysites [6] [7] [8] and layered double hydroxides (LDHs). [9] [10] [11] [12] [13] [14] Layered doubled hydroxides are hydrotalcite-like structures composed by positively-
charged, mixed-metal hydroxide layers (typically M(II)-M(III)), intercalated with anions and
water molecules. 15 From the wide range of containers reported so far, LDHs are among the most promising systems. Several studies present LDHs as versatile reservoirs for corrosion protection, showing good efficiency when loaded with 2-mercaptobenzothialzole (MBT), 12 2-coating formulations with nanocontainers, the loading content and the diffusivity of species in sufficient amounts to act on a defect was highlighted. 23 In this context, the combination of corrosion inhibitors can assume a prime role to circumvent these limitations, particularly relevant for alloys where the galvanic coupling between metals can be the main cause of corrosion.
Forsyth and co-workers reported studies on combination of rare earth metallic element with a multifunctional organic component to achieve synergistic corrosion protection of AA2024. 24, 25 Recently, Kallip and co-workers reported the synergistic inhibition of galvanically coupled Ze+Fe metals, when 1,2,3-benzotriazole and Ce(NO 3 ) 3 were combined. 26 One topic that has not yet been covered in detail is the co-intercalation of different corrosion inhibitors within the same carrier. The incorporation of MBT in cerium molybdate hollow nanospheres were found to render corrosion protection to galvanized steel substrates when combined in coatings with LDH-MBT. 12 In this case, authors suggested that the inhibiting effect could be associated with MBT, as well as to dissolution of cerium and molybdate ions from the nanospheres under acidic conditions. Very recently, Ferrer and coworkers reported the preparation of NaY zeolites with cerium and diethyldithiocarbamate corrosion inhibitors, investigating the effect of this double-doped zeolite for corrosion protection of AA2024 alloy. 27 Positive results were obtained with the zeolites in solution and when added to sol-gel coatings. Apart from these works, not much has been done in the cointercalation of corrosion inhibitors.
In this paper we go beyond mono-, towards multi-intercalation and release of corrosion inhibitors in a controlled manner (Scheme 1). The strategy followed consists of using a system well known for its intrinsic controlled release mechanism (LDHs), modifying its 
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surface with polyelectrolytes by the Layer-by-Layer (LbL) technique. The use of polyelectrolytes allows the intercalation of additional corrosion inhibitors between layers, which can be released due to pH-dependent permeability of polyelectrolytes. 28, 29 The objective of this work is to investigate Zn-Al LDHs as containers for two corrosion inhibitors simultaneously. 2-mercaptobenthiazole (MBT), a well-known corrosion inhibitor for AA2024, 30 was intercalated in interlayer of the LDH structure by ion-exchange according to a procedure described in the literature 31 , while Ce
3+
, also known as an effective corrosion inhibitor for AA2024, 32 was adsorbed between polyelectrolyte layers on the surface of LDH-MBT platelets. The modified LDH particles (LDH-Mod) were characterized by X-ray temperature. To avoid contamination with carbonate all solutions were prepared using boiled distilled water and the synthesis was carried out under nitrogen atmosphere. The pH was fixed (pH =10±0.5) and controlled by simultaneous addition of a 2 M NaOH solution. The final suspension was subjected to hydrothermal treatment at 100 ºC during 4 h for crystallization of the LDH material. In the end, the obtained slurry was centrifuged and washed four times with boiled distilled water.
For the ion-exchange reaction, 0.1 M of MBT solution (pH=9) was prepared. LDH-NO 3 was added to the inhibitor containing solution and left under stirring for 24 hours. After centrifugation and washing steps (2 times), the procedure was repeated with a second portion of MBT solution to guarantee a complete exchange of NO 3 -with MBT. In the end, the reaction products were isolated by centrifugation and washed 2-4 times with boiled distilled water to ensure that all MBT in excess was removed. The washed yellowish LDH deposit was consequently stored at room temperature in sealed plastic reservoirs, to maintain the water content and avoid contamination with carbonates from atmosphere.
7
Thereafter, the slurry was dispersed with magnetic stirring (10 min) and ultrasound treatment (10 min). After complete dispersion the suspension was left under magnetic stirring for 20 min. Finally, LDHs were recovered by centrifugation, followed by 3 consecutive washing/centrifugation stages to remove PSS in excess.
In the second step, the LDH particles were re-dispersed in a 0.1 M cerium (III) nitrate solution and left for one day under stirring at room temperature. Then, LDHs were recovered by centrifugation and washed/centrifuged 3 times with distilled water. In the third step, a second layer of PSS was deposited after treatment with cerium solution, following the same procedure used in the first deposition, to ensure that cerium incorporation was not reversible and to prepare the surface for the subsequent positive polyelectrolyte. The final layer of PAH was applied using similar conditions of concentration and time applied for PSS. The modified LDH was kept as a water-based slurry in a sealed container.
Coating preparation.
The active corrosion protection conferred by LDHs was evaluated directly in solution and using LDHs as additives in a hybrid-based sol-gel coating.
The hybrid-based coating was prepared by a controllable hydrolysis of metalorganic titanium (IV) propoxide (TPOT) and 3-glycidoxypropyltrimethoxysilane (GPTMS), phenyl trimethoxysilane (PTMS) and hexadecyltrimethoxysilane (HDTMS) under acidic conditions. 34 The first sol was obtained by mixing the TPOT solution, formed by mixing the precursor (70 wt.% in 2-propanol) with 2-propanol in a 2.5:1 weight ratio, with acetylacetone 
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X-ray photoelectron spectroscopy (XPS) was carried out by using a Kratos DLD Ultra Spectrometer with an Al-Kα X-ray source (monochromator) operated at 225 W. For the survey spectra a pass-energy (PE) of 160 eV was used while for the region scans PE was 40 eV. Spectra were calibrated to 284.8 eV binding energy of C1s signal. For all samples charge neutralization was necessary. With respect to deconvolution of the region files background subtraction (linear or Shirley) was performed before calculation. Smoothing was necessary for quantitative calculations on the Ce(3d) core region.
The release of MBT was studied using an UV-Vis spectrophotometer (Scanspec UV-Vis) at 320 nm wavelength. Particle zeta potential was assessed using a Zetasizer Nano ZS, performed by the combination of laser Doppler velocimetry and phase analysis light scattering (PALS) in a Malvern's patented M3-PALS technique.
DC polarization technique was employed to study MBT and cerium salt corrosion inhibition properties for bare AA2024. 30, 35 The DC polarization curves were obtained using a The main difference is that LDH_P(-)_Ce_P(-) contains less amount of LDH-MBT phase than LDH_P(-).
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The fourth stage (treatment in a PAH solution, LDH-Mod) resulted in some changes in the basal spacing values of both phases (from 1.97 and 1.67 nm to 1.90 and 1.09 nm, respectively) and disappearance of the LDH-OH phase.
The main point to highlight at this stage is that, being LDHs anion-exchangers, any species prone to be exchanged could compete for intercalation. It seems that during the LbL process 90% of the LDH-MBT initially existing in the unmodified LDH disappeared, while the amount of crystalline cerium (IV) oxide after the second stage remained constant. . In order to reveal any "hidden" cerium from a structural point of view, the relative metal cations ratio was estimated from XRD analysis of LDH powder calcined at 1000 o C for 6 h in air as described above. Three crystalline phases, namely ZnO, ZnAl 2 O 4 , and CeO 2 were found in the calcined LDH_P(-)_Ce (Figure 2 ). The relative amounts of each phase in the mixture were calculated to be 48.7, 39.5 and 11.9 wt. %, respectively. The ratios of metal cations were then calculated to be the following: Zn/Al=1.9 and Zn/Ce=11.9. Provided that all cerium in the sample is in a form of crystalline Ce(IV) oxide, the latter would correspond to the weight ratio of Zn (2) shown that approximately 15-20% of cerium in the modified LDH-MBT is "hidden".
Figure 2
These results demonstrate that in addition to nano-sized CeO 2 , cerium is also present in amorphous (probably more soluble) forms, which is relevant for anticorrosion applications. However, the above described results do not provide any evidence about the oxidation degree of cerium cations. Therefore, an additional XPS study was performed in order to clarify the oxidation degree of Ce-based species. The survey spectrum in Figure 3 clearly demonstrates that Ce is not detectable at the very outer surface due to its coverage by the polyelectrolyte.
The signal intensity for the Ce 3d region estimates that this coverage cannot have a higher thickness than approx. 5 nm which is the depth of response for the accelerate photoelectrons still to be detected. The XPS Ce(3d) core level region, which was accumulated by a number of 256 scans to increase the signal-to-noise ratio, shows different states which can be described by three spinorbit doublets as discussed in detail by Kotani and Ogasawarab. 44 According to Sharma, 45 Katta 46 and Sudarsama 47 a deconvolution of the Ce(3d 5/2,3/2 ) was carried out and is shown in Unfortunately, the specific embedding conditions of CeO 2 nanoparticles do not admit a higher accuracy for the determination of the oxidation state ratio. The application of the mathematical functions for smoothing and fitting increase the error of the recorded raw data.
Finally, the existing Ce species is best described by the formula Ce x-a O y-b . At the same time, the amount of MBT released from LDH-Mod depends on pH, being preferentially released under alkaline conditions. This is a relevant point as the main triggering conditions for LDH-MBT is the presence of NaCl, whereas in the case of LDH-
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Mod pH is the preferential trigger. This behaviour can be explained by the pH-dependent permeability of the polyelectrolyte layers covering the LDHs. 51, 52 Figure 6
Electrochemical studies
The inhibition provided to aluminium alloy by LDH-Mod was investigated by EIS. From the XRD data and release studies, the modification of LDHs with polyelectrolyte layers causes a significant decrease in the amount of MBT released and also imparts a pHdependent release. The EIS spectra obtained on bare AA2024 after 4 hours of immersion in 50 mM NaCl solution are presented in Figure 7 . This study was performed for different systems, as indicated in Table 2 From the inspection of the impedance magnitude at low frequencies the best system is LDH-Mod, followed by LDH-MBT-LbL. The systems LDH-NO 3 -LbL, LDH-MBT, LDH-NO 3 -Mod and LDH-NO 3 were still better than the reference system. In all the cases two time constants can be detected, at intermediate (10 1 Hz) and low frequencies (10 -2 -10 -1 Hz).
Nevertheless, their assignment is different depending on the system. In the case of LDH- (Table S1 ) and applying the equation (1), inhibition efficiencies were obtained (Table 2) :
Mod and LDH-MBT-LbL the time constant at intermediate frequencies can be assigned to
where R ct0 is the charge transfer resistance in the corrosive medium and R ct is the charge transfer resistance in the inhibiting medium.
LDH loaded with MBT, shows higher IE comparing with LDH-NO 3 Although LDH-MBT-LbL showed slightly higher inhibiting efficiency than LDH-Mod (calculated from the R ct ), the highest oxide resistance observed for LDH-Mod has also to be considered when we refer to the corrosion protection of aluminium alloys. In addition to high R ct due to the presence of organic inhibitor MBT, the presence of Ce-based species in LDH-
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Mod has a positive effect in increasing the oxide stability of the aluminium substrate. Therefore, the combination of both inhibitors in LDH-Mod contributes for the highest impedance measured among the studied systems.
From this study some important points can be highlighted. The combination of MBT and cerium-based compounds indeed impart additional protection to AA2024, when compared to individual systems. At the same time, the use of polyelectrolyte shells has a positive effect on the performance of LDHs, possible due to higher control over the release of intercalated species and reduction of alkalinisation effect associated to the presence of LDHs, as discussed by Poznyak and colleagues. 31 
Figure 7
The effect Ce 3+ and MBT on AA2024 was investigated by DC polarization (Figure 8 ). The aim of this study was to rationalize the positive effect found in the EIS studies by combining Ce 3+ and MBT. DC polarization measurements were carried out in the potential range from - In NaCl solution only, the cathodic branch is characterized by a plateau associated with diffusion-limited oxygen reduction, for potentials below -0.55 V vs. SCE (Figure 8 ). For more negative potentials the increase in current is associated with hydrogen reduction, which starts to dominate. In the anodic branch the current increases continuously up to 1 mA cm -2 at Ce 3+ is a widely known inhibitor for AA2024 as reported in number of papers [55] [56] [57] [58] [59] and its main action consists of precipitation in places where the oxygen reduction occurs. Looking at the cathodic and anodic branches, Ce 3+ is more effective at low polarization levels in either direction, which is consistent with deposition of cerium hydroxides on the S-phase intermetallics. 60 The current density is lower in the cathodic branch down to ca. -0.8 V when compared to the inhibitor-free electrolyte solution. Similarly, the decrease in anodic current density is considerable in the anodic polarization curve up to -0.4 V vs. SCE. The anodic current at low polarization is ascribed to the dissolution of magnesium and aluminium from S-phase and this process is also reduced as a result of precipitation of Ce oxides and hydroxides ( Figure 8 ).
On the other hand, 2-mercaptobenzothiazole is an organic inhibitor with high efficiency towards AA2024. 30 It forms a protective film on the surface of the alloy, thereby decreasing the rate of the anodic reaction. Additionally, the high propensity of thiol-based compounds to bind Cu, can explain the effect of MBT in hampering the reduction reactions as well. MBT deposits on copper-rich intermetallics, thereby decreasing both anodic and cathodic activities occurring at these sites. In this work, MBT-containing solutions were found to cause a decrease in cathodic current, which is around one order of magnitude lower than the reference ( Figure 8 ). Moreover, in the presence of MBT the curve associated with anodic polarization can be split into different sections. The first, at low polarization, is assigned to the dissolution of S-phase intermetallics. The second is characterized by a current-stabilizing region and the third section, at higher polarization levels, is related to intergranular corrosion. Additionally, the current density of the anodic branch is lower for the inhibited systems (less than 1 µA cm -2 at -0.45V vs. SCE) when compared to the reference (10 µA cm -2 at -0.45V vs. SCE). More relevant, is that the decrease in current density is the most significant in the anodic branch for Ce 3+ + MBT (≈0.05 µA cm -2 at -0.45V vs. SCE). This may be associated with the combination of these species into some sort of mixed protective film deposited on the aluminium matrix which can be more stable than each inhibitor alone. Figure 8 From the results above presented the combination of Ce+MBT seems to have a more beneficial role in the stability of the aluminium matrix, than MBT or Ce 3+ alone, which is in agreement with EIS data presented in Figure 7 . In a previous work done by our group, 23 LDH loaded with vanadate and LDH loaded with MBT were added to a 50 mM NaCl solution in bare AA2024, and analysed by EIS. The results showed a good synergetic effect with higher impedance values at lower frequencies for combined nanocontainers when compared to each LDH-inhibitor system alone. The same was observed for the combination of LDH loaded with vanadates and LDH loaded with phosphates. Taking into account that the results presented in reference 23 were obtained under similar experimental conditions, some comparisons can be done with the findings presented in this work. Looking at the EIS data, the impedance magnitude at low frequencies obtained in reference 23 is larger than the one obtained for the equivalent mass of LDH-Mod. This may be due to the fact that vanadates , may also significantly influence coating/particle interactions. A coating was used as model system to assess how this modification of LDHs reflects upon the anticorrosion behaviour provided by a protective coating layer. The selected system was a hybrid sol-gel prepared as described in the experimental section.
The direct addition of corrosion inhibitors to protective coatings was already studied in detail in previous works, including those from our group. 4, 62, 63 The direct addition of Ce 3+ to 
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a hybrid sol-gel matrix was found to decrease the barrier properties of the coating system when compared to the unmodified coating. 63, 64 Similarly, the direct addition of azole-based corrosion inhibitors into coating formulations, 63, 65 leads to loss of coating protective
properties when compared to the bare coating. Therefore, the isolation of Ce 3+ and MBT from direct contact with coating matrices is necessary to avoid loss of intrinsic coating barrier properties. 
Conclusions
This work reports the synthesis of layered double hydroxides with two corrosion inhibitors, 2-mercaptobenzothiazole (in anionic form) and cerium (III) nitrate. The first was intercalated by ion-exchange, whereas the second was incorporated by Layer-by-Layer (LbL) method, between polyelectrolyte layers adsorbed on LDH nanoplatelets.
The structural and compositional data showed that layered double hydroxides behave as a dynamic system during the LbL process, exchanging part of the anionic inhibitor previously intercalated with species available in cerium-and polyelectrolyte-containing aqueous solutions. Furthermore, cerium was incorporated in the nanocontainers, both as nano-sized crystalline CeO 2 as well as in amorphous forms.
The modification of LDHs with polyelectrolytes changes the main triggering conditions of release of inhibitors intercalated within layered double hydroxides, from exchange with aggressive species (NaCl) to pH changes (spectrophotometric data).
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In spite of partial loss of 2-mercaptobenzothiazole during the LbL process, layered double hydroxides modified with cerium and polyelectrolytes were found to protect aluminium alloy 2024 in NaCl solution for long immersion times, which was rationalized by the formation of inhibiting layer on the aluminium substrate combining both cerium and the organic inhibitor.
However, there is still space for improving inhibitor loading content in future works. One possibility is to perform the modification of LDHs with PSS in a solution saturated with 2-mercaptobenzothiazole, thereby preventing the release of inhibitor.
The addition of modified layered double hydroxides to sol-gel formulations was found to impart the highest barrier properties and active corrosion protection. These results open prospects for development of smart-coatings based on nanocontainers with dual release of active species, to enhance a specific functionality or combine different functionalities.
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